Photoluminescence (PL) fluctuations of single semiconductor nanocrystals (NCs), such as PL blinking and spectral diffusion (SD), reflect the quantum nature of charges in the NCs. Through simultaneous measurements of PL spectra and lifetimes on single CdSe/ZnS NCs, PL of neutral excitons is found to exhibit a unique behavior of SD, which is accompanied by changes of radiative recombination lifetime. We find that the SD of neutral excitons originated from the quantum-confined Stark effect, which also affects the SD of charged excitons observed during PL blinking.
I. INTRODUCTION
Spectroscopy on single semiconductor nanocrystals (NCs) has enabled us to reveal the quantum nature of charges in spatially confined systems at room temperature [1, 2] . Individual NCs usually exhibit photoluminescence (PL) profile instabilities, such as unstable PL intensity (known as PL blinking), and irregular PL transition energy [known as spectral diffusion (SD)] [3] [4] [5] [6] [7] [8] [9] . PL blinking, the term used for time-dependent digital jumps of the PL intensity between on and off emissivity states, has been attributed to the charging of the NCs or the activation of trapping processes in impurity states [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . In contrast, SD, which is an unstable fluctuation of the PL transition energy, has been attributed to the quantum-confined Stark effect (QCSE) [6] [7] [8] [9] [20] [21] [22] [23] [24] [25] . Since these PL profile fluctuations prevent us from developing stable, single-photon emitters for application in quantum communication and cryptography [26, 27] , the understanding and the control of those PL fluctuations is a central issue in the current research field.
One of the most important factors relating both blinking and SD phenomena is the Coulomb interaction between optically excited electron-hole pairs and additional charges both inside and outside the NCs. When an additional charge is located inside the NC, optical excitation leads to the formation of charged excitons. This three-body excitonic complex often results in the formation of gray states with intermediate PL intensities, which appear during blinking [12] [13] [14] [15] [16] [17] [18] [19] . On the contrary, when additional charges are located outside the NC, their Coulomb potential induces an electric field onto the crystal, which in turn causes a QCSE on the electron-hole pairs in the crystal and results in changes in the transition energies [9, [21] [22] [23] [24] . Both charges inside and outside the NC affect the PL of single NCs, causing blinking and SD, and thus it is important to elucidate them for the deep understanding of the mechanisms of PL instabilities. However, their mechanisms and the relation between these two phenomena remain unclear, even when both phenomena influence the PL properties of a single NC. This means that, by performing experimental separation of PL signals into the different kinds of excitons-neutral, charged, and QCSE-modified neutral excitons-a better understanding of the PL instability of single NCs can be developed.
In this work, we study SD characteristics of neutral and charged exciton transitions on single CdSe/ZnS NCs. The two contributions are separated by analysis on simultaneously measured PL spectra and lifetimes. The origin of the SD of the neutral exciton transitions is attributed to the QCSE, which causes an increase in the radiative recombination lifetime as a result of a reduction in electron-hole overlap. In addition, we find that the charged excitons are also influenced by the QCSE, resulting in the simultaneous change of radiative and nonradiative recombination lifetime.
II. EXPERIMENT
The CdSe/ZnS NCs (QDot605; Invitrogen), diluted in toluene with poly(methyl methacrylate), were first spin coated on a cover glass. The positions of the single NCs were monitored using an electron-multiplying charge-coupled device (EMCCD) camera (ProEM; Roper scientific). For the PL measurements on single NCs, the samples were excited using picosecond light pulses. We set the excitation wavelength at 530 nm, which was obtained by introducing white-light pulses from a supercontinuum light source with a pulse picker (SC400-PP; Fianium) into a monochromator with a focal length of 25 cm. The operating frequency of the pulse picker was set to 5 MHz. For the NC excitation and emitted PL detection, an oil-immersion objective lens with a numerical aperture of 1.30 (RMS100X-PFO; Olympus) was used.
To achieve simultaneous measurements of the PL spectra and lifetimes, the PL from single NCs was detected for a period of 100 s using the optical geometry illustrated in Fig. 1(a) . The spectra were recorded using a monochromator with a focal length of 30 cm equipped with a liquid-nitrogen-cooled CCD camera. The lifetimes were then determined from the decay curves recorded using an avalanche photodiode (id100-50; IDQ) and a time-correlated single-photon counting (TCSPC) board (SCP-130EM; Becker & Hickl GmbH). We also used an additional avalanche photodiode, with which we could conduct photon-correlation measurements. An example of these photon-correlation measurements is shown in Fig. 1(b) , which was recorded under an excitation power at 3.7 μW. The large ratio of coincidence counts between the center peak at 0 ns and the side peaks confirms that this NC emits PL under a single-photon generation regime and, therefore, the NC is truly a single particle.
III. RESULTS AND DISCUSSION
First, we demonstrate the experimental results obtained under an excitation power of 2.6 μW. To record the PL spectra, the integration time was set to 50 ms. Figure 1 (c) is a PL spectrum obtained at 17.7 s. The inset shows the time trace of the PL intensity recorded on the TCSPC board from 17 to 19 s with a binning time of ß90 ms. The solid line represents a Gaussian function fitted to the PL spectrum. The peak photon energy and the linewidth were found to be 2.026 and 0.04 eV, respectively. Figure 1(d) shows the corresponding decay curve obtained on the TCSPC board with a binning time of ß90 ms. The total photon count was 3853 counts (cts)/bin. The solid line shows a single exponential function fitted to the experimental data and the PL lifetime was found to be 22.2 ns. We attribute these signals to neutral exciton emissions because, compared to the signals obtained at other time periods, they display relatively high photon energies, small linewidth, and high PL intensities. In addition, as we will demonstrate in the latter part of this article, this signal dominates the PL signal at lower excitation powers. These PL characteristics can be explained only by the properties of neutral excitons [12] [13] [14] [15] [16] [17] [18] [19] . For the data at 44 s, the PL photon energy, linewidth, total photon count, and lifetime were found to be 1.991 eV, 0.055 eV, 3156 cts/bin, and 40.9 ns, respectively while, for the data recorded at 45.3 s, they were found to be 2.003 eV, 0.048 eV, 978 cts/bin, and 10.4 ns, respectively. Since the PL intensities at 3156 and 978 cts/bin are smaller than those of the neutral excitons at 3853 cts/bin, we tentatively attribute them to a gray-A state and a gray-B state, respectively. By comparison with the lifetimes of neutral excitons at 22.2 ns, the gray-A state and gray-B state are characterized by the long and short lifetime, respectively.
In order to separate all the signals obtained during a recording period of 100 s into three classes of neutral excitons, gray-A, and gray-B states, we set criteria considering PL photon energies and lifetimes. Figures 2(a) and 2(b) show the time traces of the PL photon energies and lifetimes, which were determined by Gaussian fitting to the PL spectra and by single-exponential fitting to the PL decay curve, respectively. The black, red, and blue dots correspond to the periods for the neutral excitons, gray-A, and gray-B states, respectively, which were separated using the following procedure. First, we attributed the data exhibiting photon energies larger than 2.02 eV and lifetimes of 22 ± 6 ns to the neutral exciton dominant periods. Then, we attribute lifetimes longer (shorter) than 22 ns to the gray-A (gray-B) dominant periods. Through this procedure, it is possible to separate the gray-A and gray-B signals, even though both states show redshifts of almost the same order (0-0.04 eV) compared to the neutral excitons, as shown in Fig. 2(a) . In Figs. 2(c) and 2(d), the PL intensities and PL linewidths are plotted using three colors to represent the three different classes. The PL intensities of the neutral excitons, gray-A, and gray-B states were at 3500 ± 1000, 3000 ± 1000, and ranging from 0 to− 3500 cts/bin, respectively. The linewidths of the neutral exciton signals were 0.04 ± 0.005 eV, while those of the gray-A and gray-B states were 0.045 ± 0.01 eV. The periods dominated by neutral excitons plotted in Figs. 2(c) and 2(d) are characterized by large PL intensities and small linewidths, compared to other periods. This feature of neutral excitons agrees with the previous results showing large PL intensities [12] [13] [14] [15] [16] [17] [18] [19] and small linewidths [6] [7] [8] [9] [20] [21] [22] [23] [24] [25] for neutral excitons. Thus, the current threshold values of 2.02 eV and 22 ± 6 ns are suitable to differentiate the neutral exciton and the other gray states.
To reveal the differences of the above three states more clearly, we show the relationships between the simultaneously measured PL spectra and lifetimes. Figure 3 (a) shows photon energy against PL lifetime, and the black, red, and blue dots correspond to the neutral excitons, gray-A, and gray-B states, respectively. Interestingly, with regards to the gray-A signal, the lifetime is extended as the photon energy decreases. On the other hand, for the gray-B signal, no such clear relationship was observed. Figure 3(b) shows the relationship between PL lifetime and intensity, which is known as the fluorescence lifetime-intensity distribution (FLID) plot [14] [15] [16] [17] 19] . In the case of the gray-A signal, the intensity decreases slightly as the PL lifetime increases while for the gray-B signal, the intensity decreases and approaches zero as the PL lifetime decreases. Figure 3(c) shows the relationship between the PL photon energies and intensities. With regards to the gray-A signal, the intensity decreases with the PL photon energy, while such clear relationships were not observed for the gray-B signal.
We attribute the origin of the gray-A signal (red dots) to the neutral excitons modified by the QCSE (QCSE-modified excitons). An example of the wave function of an electron and that of a hole for QCSE-modified excitons is illustrated in Fig. 3(d) , and can be compared with those for neutral excitons with no electric fields given in Fig. 3(e) . Generally, the Stark effect results in the redshift of the PL photon energy due to the change of energy level of the electron and hole ground states. At the same time, the radiative recombination lifetime (τ R ) increases, since the splitting of the electron and hole wave functions reduces the overlap integral between them [28] . The change in τ R affects the PL lifetime (τ ), which is expressed in the form of 1/τ = (1/τ R ) + (1/τ NR ), where τ NR is the nonradiative recombination lifetime. It also influences the PL quantum efficiency (QY), which is proportional to the PL intensity, since QY is expressed as QY = τ/τ R . These equations mean that, when the QCSE causes an increase in τ R , which occurs with the redshift of the PL photon energy, it results in an increase of τ and a decrease in QY. These relationships between PL photon energy, τ , and the QY of the model are consistent with the experimental results illustrated in Figs. 3(a)-3(c) , showing the clear relationships between PL photon energies, lifetimes, and PL intensities. This agreement between the experimental results and the model confirm our interpretation of the gray-A signal as being due to QCSEmodified excitons. Thus, we can conclude that the origin of the SD of the neutral exciton transitions is the QCSE, which causes an increase in the radiative recombination lifetime due to the reduction of the electron-hole overlap.
With regards to the gray-B signal (blue dots), we attribute its origin to the charged excitons. This assignment is natural since earlier works have also reported similar results concerning the decrease of both PL intensity and lifetime during blinking, and have attributed this effect to charged excitons [12] [13] [14] [15] [16] [17] [18] [19] . According to these studies, in the charged exciton states, τ NR is shortened because of the presence of an additional electron, which causes an Auger recombination process. In Figs. 3(f) and 3(g), we plot the relationships between PL photon energies and linewidth for neutral excitons (black dots) and QCSEmodified neutral excitons (red dots) and those for charged excitons (blue dots). Interestingly, the clear relationships that exist between them, showing large linewidths for small photon energies, were observed for both QCSE-modified neutral excitons and charged excitons. According to early studies, the increase in linewidth at small photon energies can be explained by the QCSE as it causes electric-field-dependent fluctuations in the PL photon energies [6, 24, 29] . The fact that this relationship was observed for charged excitons means that the SD of the charged exciton transitions is also influenced by the QCSE. From these results, we conclude that the QCSE causes SD of not only neutral exciton transitions but also charged exciton transitions in single NCs.
The above conclusion means that, for single NCs exhibiting PL fluctuations in the form of blinking and SD, both τ R and τ NR can change through QCSE and charging. This fact is very important to the understanding of the fundamental nature of PL fluctuations in single NCs. In fact, recent experiments have reported observations of simultaneous changes in τ R and τ NR during blinking on CdSe/CdS NCs [15, 16] . The results in two papers indicated that, when τ NR decreases due to the charging effect, τ R also increases or decreases, hence exhibiting unique relationships between QY and τ . The source of the change in τ R can be the activation of an additional excited-state relaxation process [15] or Coulomb interaction in the charged particles [16] . We believe that the QCSE is also one of the possible sources of the changes in τ R during blinking, as has been observed for neutral and charged excitons in our experiment.
Let us finally examine how the QCSE is caused during PL blinking. To achieve this, we will discuss additional experimental results obtained at two different excitation densities. In order to visualize the change in the signal, we here introduce three-dimensional (3D) plots of the relationships between the PL intensities, photon energies, and lifetimes. and those recorded at 6.6 μW, respectively. The classification of the three states was conducted using the same procedure outlined for the results previously discussed (at 2.6 μW). At 0.8 μW, the neutral exciton signal is dominant, while the occurrences of QCSE-modified excitons and charged excitons are small. However, at 2.6 μW, the occurrences of both QCSE-modified excitons and charged excitons have increased. At 6.6 μW, interestingly, the charged exciton signal becomes dominant, while the occurrences of neutral excitons and QCSE-modified excitons have almost disappeared. It is noticeable that the data obtained at 6.6 μW show continuous distribution at wide ranges of lifetime and intensity. According to the early works reporting similar results, this could be explained by time-dependent charge migration [29] . We consider that the rapid fluctuation of environment conditions, which results in the fast SD observed in some systems [30, 31] , could be also one of the origins of the continuous distribution.
The fact that the signal is dominated by the neutral excitons at low excitation powers means that there is no charge either inside or outside the sample under the weak excitation condition. The appearance of QCSE-modified excitons on this NC means that, at higher excitation powers, the excited electron-hole pair sometimes separates and both charges are trapped at various locations in the NC. This is because, if one of the two charges is trapped and the other remains untrapped, this results in the formation of charge excitons. There are some possible locations for the trap state, such as a surrounding matrix [32] , ligand [24] , surface trap state [9] , or interface between the CdSe core and ZnS shell [29] . The positions of the trapped charges are an important issue in the current research, and thus it should be explored through further investigation on various systems, such as NCs with unique morphologies [33] .
IV. CONCLUSION
In summary, through analysis on simultaneously measured PL spectra and lifetimes on single CdSe/ZnS NCs exhibiting blinking, we distinguished SD of neutral exciton transitions from that of charged exciton transitions. The PL of neutral excitons is found to exhibit a unique SD accompanied by changes of radiative recombination lifetime, which can be explained by the effect of QCSE. We found that the SD of charged exciton transitions is also influenced by the QCSE, resulting in the simultaneous changes of both τ R and τ NR . These results on neutral and charged excitons indicate that the QCSE plays an essential role in PL blinking process. Our findings constitute a fundamental explanation of the mechanisms of the SD and blinking PL fluctuations, and are important for realizing stable single-photon emitters.
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